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Abstract 


Bacillus  anthracis  protective  antigen  is  the  central  component  of  the  anthrax  toxin  complexes 
that  facilitates  entry  of  lethal  factor  and  edema  factor  into  host  cells.  Protective  antigen  is  also 
the  major  immunogenic  component  present  in  the  currently  licensed  anthrax  vaccine.  In  order 
to  produce  full-length,  soluble  protective  antigen,  the  gene  has  been  cloned  and  expressed 
using  Bacillus  megaierium  and  a  xylose-inducible  heterologous  expression  system.  After 
only  3.5  hours  growth  post-induction  in  Luria-Bertani  broth,  the  transgenic  B.  megaierium 
were  found  to  secrete  approximately  1  jig/ml  protective  antigen  into  the  culture  medium.  The 
recombinant  protein  was  easily  purified  to  homogeneity  in  a  single  step  by  ion  exchange 
chromatography.  N-terminal  amino  acid  sequencing  of  the  final  product  confirmed  that  the 
recombinant  protective  antigen  was  full-length  and  that  no  proteolytic  degradation  had 
occurred. 


Resume 


L 'antigene  protectcur  Bacillus  anthracis  est  le  composant  central  des  complexes  des  toxines 
du  charbon  qui  facilite  Ten  tree  du  facteur  letal  et  d'oedeme  a  Finterieur  des  cellules  holes,  Cet 
antigene  protecteur  est  aussi  le  composant  immunogene  essentiel  qui  est  present  dans  le 
vaccin  actuellement  autonse  centre  le  charbon.  Dans  le  but  de  produire  un  antigene  protecteur 
comp  let  et  soluble,  le  gene  a  ete  clone  et  exprime  en  utilisanl  le  Bacillus  megaierium  et  un 
systeme  d’expression  heterologue  inductible  au  xylose*  Apres  seulement  3  heures  et  demi  de 
croissance  post- induction  dans  le  bouillon  Luria-Bertani,  on  a  trouve  que  les  B.  megaierium 
transgemques  secretent  a  peu  pres  I  pg/ml  d’antigene  protecteur  dans  le  milieu  de  culture.  La 
proteme  recombinante  a  ete  fac dement  purifiee  a  Fetat  d'homogeneite,  en  une  seule  etape,  par 
une  chromatographie  d  echange  d'ions.  Le  sequengage  aminoacide  N-terminal  du  produit 
final  a  continue  que  F antigene  protecteur  recombinant  etait  complet  et  qu'aucune  degradation 
proteolytique  ne  s'etait  produite. 
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Executive  summary 

Background 

Protective  antigen  (PA)  is  an  S3  kDa  protein  excreted  by  Bacillus  anthracis  that  is  an  essential 
component  of  anthrax  toxins,  and  functions  by  facilitating  the  entry  of  lethal  toxin  and/or 
edema  toxin  into  host  cells.  Host  antibodies  directed  against  PA  are  able  to  prevent  the 
anthrax  toxins  from  entering  the  target  cells  and,  thus,  prevent  cell  death  and  human  toxicity. 
For  this  reason,  PA  is  the  primary  antigen  present  in  the  currently  licensed  anthrax  vaccine* 
which  consists  of  PA  absorbed  from  B.  anthracis  culture  supernatants.  It  is  believed  that 
other  anthrax  proteins  that  are  also  co-pun fied  by  this  process  are  responsible  for  the  majority 
of  clinical  side-effects  seen  with  the  existing  vaccine.  For  this  reason,  there  has  been  a  great 
interest  in  the  production  of  a  recombinant  protective  antigen  (rPA)  vaccine  that  contains  no 
other  anthrax  proteins.  Pure  and  easily  produced  rPA  would  also  be  useful  as  a  clinical  tool 
for  titering  patients  who  have  received  the  anthrax  vaccine  in  order  to  determine  a  more 
rational  time-course  for  booster  administration.  Finally,  rPA  would  assist  in  the  development 
and  quality  control  of  hand  held  test  kits,  many  of  which  utilise  immobilised  antibodies 
against  PA.  Historically,  the  production  of  rPA  has  been  hampered  by  many  of  the  traditional 
issues  that  hinder  heterologous  expression  of  proteins:  insoluble,  inactive  inclusion  body 
formation:  low  protein  yields:  endotoxin  production  by  the  expression  host:  incompatibility  of 
codon  biases;  and  proteolytic  degradation  during  protein  production.  The  most  advanced 
rPA-based  vaccine  products  arc  the  UK  Escherichia  colt  system  which  must  deal  with  the 
removal  of£,  colt  endotoxin,  and  the  US  B.  anthracis  system  which  utilises  a  potential 
pathogen  as  the  expression  host. 

Results 

We  have  expressed  full-length,  soluble,  active  rPA  using  a  Bacillus  megaterium  expression 
system  modified  from  a  commercially  available  kit.  The  use  of  B .  megaterium  solves  all  of 
the  inherent  problems  with  alternative  rPA  expression  systems:  B .  megaterium  is  a  safe,  non- 
pathogenic,  and  industry-proven  expression  host:  there  are  no  extracellular  proteases  to 
degrade  the  rPA;  B,  megaterium  does  not  produce  endotoxin;  B '  megaterium  can  be  grown 
easily  in  a  defined,  meat-free  medium:  and  the  rPA  is  easily  purified  to  homogeneity,  fn  this 
system,  we  have  readily  produced  1  jig/ml  rPA  into  the  culture  supernatant  over  only  3.5  hr  of 
cell  growth  post-induction,  and  this  material  was  purified  in  a  single  step  by  ion-exchange 
chromatography,  N-termmal  ammo  acid  sequencing  definitively  proved  that  the  rPA  was 
pure,  full-length,  and  not  subjected  to  proteolytic  degradation. 

Significance 

The  use  of  B.  megaterium  as  an  expression  host  for  rPA  should  provide  a  simpler  industrial 
process  for  vaccine  production,  and  could  lead  to  a  safer  anthrax  vaccine  product.  Further 
studies  are  recommended  in  order  to  increase  the  yield  of  rPA  in  this  system. 
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anthracis  protective  antigen  in  Bacillus  megaterium,  (DRDC  Suffield  TM  2004-045). 
Defence  R&D  Canada  -  Suffield, 


iii 


DRDC  Sufficed  TM  2004-045 


Sommaire 

Contexte 

Un  antigene  protecteur  ( AP)  est  une  proteine  de  83  kDa  excretee  par  le  Bacillus  anthracis  qui 
est  un  composant  essentiel  des  toxines  du  charbon  et  fonctionne  en  facilitant  l "entree  de  la 
toxine  letaie  et/ou  de  la  toxine  de  Tcedeme  a  Pinterieur  des  cellules  holes,  Les  anticorps  holes 
diriges  centre  les  AP  sont  capables  d'empecher  les  toxines  du  charbon  d'entrer  a  Pinterieur 
des  cellules  cibles  et  par  consequent  d'einpecher  la  mort  de  la  cellule  et  Peffet  toxique  sur  les 
humains,  Cest  pour  cette  raison  que  TAP  est  Pantigene  primaire  present  dans  le  vaccm 
actuellement  autonse  contre  le  charbon  et  consiste  en  un  AP  absorbe  a  partir  des  sumageants 
cultives  du  B.  anthracis,  On  pense  que  d’autres  proteines  de  charbon,  purifiees  par  ce  meme 
procede,  causent  la  majonte  des  effets  secondaires  ayant  ete  observes  avec  le  vaccm  existam. 
Pour  cette  raison,  on  s’est  beaucoup  interesse  a  la  production  dTun  vaccin  d’antigene 
protecteur  recombinant  (APr)  qui  ne  contient  pas  d'autres  proteines  de  charbon.  Un  APr  qui 
est  pur  et  qui  peut  etre  produit  facilement  serait  aussi  utile  comme  outil  clinique  pour  faire  le 
titrage  des  patients  qui  ont  re^u  le  vaccin  contre  le  charbon  et  determiner  un  temps 
d'absorption  plus  rationnel  pour  savoir  quand  admimsirer  P  injection  du  rappel  Enfin.  PAPr 
faciliterait  la  mise  au  point  et  le  controle  de  quaiite  des  trousses  de  tests  inanuelles,  dont 
plusieurs  utihsent  des  anticorps  immobilises  contre  TAP.  Histonquement.  la  production  d'APr 
a  ete  ralentie  par  beaucoup  de  problenies  tradiiionnels  entravant  lexpression  heterologue  des 
proteines  :  la  formation  de  corps  dMnclusion  insolubles  et  inactifs,  la  faible  production  de 
proteines,  la  production  d'endotoxine  par  Phote  de  P expression  ;  l incompatibility  de  biais  de 
codons  ;  la  degradation  proteolytique  durant  la  production  de  proteine.  Les  demiers  vaccins  a 
base  d'APr  sont  le  systeme  Escherichia  colt  de  la  GB  qui  doit  effectuer  ie  retrait  de 
Pendoxine  £.  colt  et  le  systeme  B .  anthracis  americain  qui  utilise  un  pathogene  potentiel 
comme  hdte  de  V expression. 

Les  resultats 

On  a  exprime  un  APr  complet  et  soluble  et  actif  en  utilisant  le  systeme  de  1  "expression 
B.  anthracis.  ayant  etc  modifiee  a  partir  d'une  trousse  disponible  dans  le  commerce, 

L" utilisation  du  B  megaterium  est  la  solution  a  tous  les  probleir.es  mherents  aux  systemes 
depression  APr  altematifs  :  le  B  megaterium  est  un  hote  depression  sans  danger,  non 
pathogenique  et  reconnu  par  P Industrie  ;  il  n'y  a  pas  de  proteases  extracellulaires  qui  risquent 
de  degrader  PAPr  ;  le  B  megaterium  ne  produit  pas  d’endoxine  :  il  peut  se  deve  topper 
facilement  dans  un  milieu  defmi  et  ne  contient  pas  de  matieres  animates  ;  PAPr  est  amsi 
facilement  punfie  jusqu'a  son  homogenate.  Dans  ce  systeme*  on  a  deja  facilement  produit 
1/ig/ml  de  systemes  APr  dans  un  sumageant  cultive,  et  ceci  en  seulement  3  heures  et  demi  de 
croissance  post-induction  des  cellules.  Ce  materiau  a  aussi  e»e  purifie  en  une  seule  etape  par 
une  chromatographic  d'eehange  dhons,  Le  sequen9age  des  aminoacides  N-terminal  a 
defimtivemem  prouve  que  I1  APr  etait  pur*  complet  et  non  sujet  a  la  degradation  proteolytique. 
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La  portee  de  ces  resultats 

Lf  utilisation  du  B  megaterium  comme  bote  d' expression  de  1'Apr  devrait  permettre  de  mettre 
au  point  un  precede  industriel  de  production  d‘un  vaccin  plus  simple  et  pounrait  about ir  a  des 
vaccins  plus  securitaires.  On  recommande  d‘ appro  fondir  la  recherche  vtsant  a  augmenter  la 
production  d'APr  dans  ce  systeme. 


Berger,  B.  Schvvandt  K.  H.,  and  Radford,  C,  L.  (2004),  Expression  of  Bacillus 
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Introduction 


The  gram-positive,  spore- forming  bacterium  Bacillus  anthracis  is  the  causative  agent  of 
anthrax.  While  normally  a  disease  of  herbivores,  anthrax  can  also  infect  humans  via  the 
cutaneous,  gastrointestinal,  or  inhalational  routes.  The  latter  route  of  infection  is  uniformly 
lethal  without  therapeutic  intervention,  and,  together  with  the  durability  and  longevity  of 
B.  anthracis  spores,  is  the  basis  for  the  development  of  anthrax  as  a  biological  warfare  agent. 
The  recent  distribution  of  anthrax-laced  letters  in  the  United  States,  and  subsequent  deaths  of 
several  infected  individuals,  has  highlighted  the  ease  of  use  of  anthrax  as  a  bioterror  agent  and 
the  importance  of  medical  countermeasures  [  1 ,2]. 

Full  virulence  of  B,  anthracis  is  dependent  on  the  expression  of  two  major  factors  encoded  by 
plasmids.  The  production  of  a  poly-D-glutamic  acid  capsule,  encoded  by  pX02,  is  essential 
for  immune  evasion  and  cellular  survival  in  the  host  [3.4].  The  lethal  effects  of  anthrax  are 
due  to  the  production  of  two  bipartite  toxins  encoded  by  pXOl  [5].  The  lethal  factor  (LF)  is  a 
Zn2+-protease  that  is  specific  for  the  cleavage  of  mitogen-activated  protein  kinase  kinases 
within  macrophages,  which  leads  to  macrophage  death,  an  associated  cytokine  cascade,  and 
death  of  the  host  in  a  toxic-shock  manner  [6].  The  edema  factor  (EF)  is  a  calmodulin- 
dependent  adenylate  cyclase  that  leads  to  tissue  edema  and  an  impairment  of  neutrophil 
function  [7].  Both  toxin  proteins  are  reliant  on  a  third  anthrax  protein,  protective  antigen 
(PA),  for  entry  into  the  host  cell  [8].  PA  binds  to  the  host  cell  surface,  is  cleaved  by  a  furin- 
rclated  protease  to  form  PA*3,  which  self-associates  into  heptamers  and  thus  forms  a  high- 
affmity  binding  site  for  LF  or  EF.  The  resulting  toxin-PA  complex  is  then  endocytosed  and 
the  hepta  meric  PA*3  inserts  into  the  lysosomal  membrane,  facilitating  translocation  of  the 
toxin  molecule  into  the  cytosol 

It  has  been  long  known  that  cultures  of  B.  anthracis  excrete  PA  into  the  medium  during 
growth,  and  that  this  extracellular  PA  is  non-toxic  and  can  induce  a  protective  immune 
response  [9,10].  All  currently  licensed  anthrax  vaccines  rely  on  PA  as  the  antigenic 
component.  However,  the  current  method  of  isolating  PA  from  B.  anthracis  culture 
supernatants  has  several  disadvantages.  Although  the  strains  of  anthrax  used  for  vaccine 
production  are  non-eneapsulated  (Sterne  or  V770-NP1-R),  they  must  be  treated  as  Biohazard 
Level-2  or  Biohazard  Level-3  pathogens  {depending  on  the  country)  and  require  special 
production  facilities.  In  addition,  small  amounts  of  LF,  EF,  and  other  anthrax  components  are 
present  in  varying  amounts  in  the  final  product  and  are  responsible  for  a  variety  of  undesirable 
medical  side-effects  [II], 

As  PA  alone  is  responsible  for  the  protective  effects  of  the  anthrax  vaccine,  there  has  been 
considerable  research  into  the  production  of  recombinant  PA  (rPA)  for  a  more  defined, 
improved  vaccine.  Expression  of  rPA  in  Escherichia  coli  has  been  associated  with  a  number 
of  technical  difficulties.  Initial  approaches  yielded  a  very  low  amount  of  expressed  protein 
[12],  while  improved  conditions  provided  larger  amounts  of  rPA  in  the  form  of  insoluble, 
inactive  inclusion  bodies  [13].  While  these  issues  appear  to  have  been  resolved  [14], 
recombinant  protein  from  E  coli  is  contaminated  with  trace  amounts  of  endotoxin,  which 
provides  another  processing  problem  before  human  use  is  possible.  Baculovinis  or  vaccinia 
virus  expression  systems  yield  only  small  amounts  of  soluble  rPA  and  are  expensive  to  scale- 
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up  [15].  Bacillus  subtilis  has  been  found  to  be  an  effective  host  for  the  expression  of  soluble, 
active  rPA  without  the  presence  of  endotoxin  [16-18],  Moreover,  the  anthrax  PA  signal 
sequence  is  recognised  by  B.  subtilis  and  rPA  is  actively  excreted  into  the  culture  medium. 
Unfortunately,  B.  subtilis  encodes  numerous  proteases  that  degrade  expressed  recombinant 
proteins,  including  rPA  [19,20],  Therefore,  expression  in  B  subtilis  requires  the  deletion  of 
several  proteases  or  the  purification  of  rPA  in  the  presence  of  protease  inhibitors  that  are  not 
compatible  with  human  use  [IS,21]. 

In  this  report,  we  describe  the  successful  expression  of  rPA  in  Bacillus  megaterium  and  the 
purification  of  the  recombinant  protein  from  culture  supernatants.  As  an  expression  system 
B .  megaterium  has  the  advantages  of  non-pathogenicity,  a  lack  of  endotoxin,  no  major 
protease  activity,  and  a  commercial,  inducible  expression  vector  based  on  the  xylose  promoter 
[22].  Therefore,  proteins  produced  from  B .  megaterium  do  not  need  to  be  purified  in  the 
presence  of  toxic  protease  inhibitors  and  should  he  suitable  for  human  use  with  a  minimum  of 
downstream  processing. 
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Materials  and  Methods 


Cells  and  Reagents 

Escherichia  coli  XL  10  was  obtained  from  Stratagene  (La  Jolla,  CA,  USA)  and 
B.  megaterium  WH320  and  plasmid  pWH1520  were  acquired  from  MoBiTec  (Marcos  Island. 
FL,  USA),  Both  cell  types  were  routinely  cultured  in  Luria-Bertani  broth  or  on  Luria-Bertani 
plates,  with  50  pg/ml  carbenicillin  or  10  pg/ml  tetracycline  when  required.  Total  DNA  was 
isolated  by  the  phenol  chloroform  method  from  B.  anthracis  Ames  grown  to  stationary  phase 
in  Nutrient  Broth,  and  was  resuspended  in  distilled  water  [23],  All  chemicals  w-ere  obtained 
from  Sigma-Aldrich  (Oakville.  ON.  CA)  unless  otherwise  stated. 

Construction  of  pWH1520b 

In  order  improve  the  general  utility  of  pWH1520  as  an  expression  vector,  an  affinity  tag  and 
extra  restriction  endonuclease  sues  were  added  near  the  5’-end  of  the  xylA '  gene.  The 
decahistidine  tag,  enterokmase  site  and  multiple  cloning  site  from  pETl9m  [24]  were 
amplified  by  PCR  utilising  5  -  AT  C  G  AT  ACT  AG  TGGCCATC  AT  CAT  C  AT  C  ATC  AT  C  A  as 
the  forward  primer  (with  the  Spel  site  underlined)  and  5‘- ATCG  ATGGATCCCCACGTGC 
CCGGGCGTTTAAA  as  the  reverse  pnmer  (with  the  BamHI  site  underlined).  The  PCR 
reaction  was  performed  using  a  5:1  mixture  of  Taq  (Fisher  Scientific;  Nepean,  ON,  CA)  and 
Pfu  (Fermentas;  Burlington,  ON,  CA)  polymerases  and  an  initial  denaturation  oft, 5  min  at 
95°C  30  cycles  of 95°C  /55*C/72“C  for  one  minute  each,  and  a  final  extension  of  10  min  at 
72°C.  The  182  bp  product  was  purified  from  a  1.4%  agarose  gel  using  the  QiaQuick  kit 
(Qiagen;  Mississauga,  ON,  CA).  and  was  digested  with  Spel  and  BamHI  (Promega;  Madison, 
WIt  USA).  The  digested  insert  was  ligated  into  Spel/BamHI  digested,  alkaline  phosphatase 
(Promega)  treated  pWHl520  using  the  Fermentas  Rapid  DNA  ligation  kit.  The  resulting 
plasmid,  pWH5120b  (Figure  1 ).  was  transformed  into  E.  coli  XL  10  cells.  The  sequence  of 
the  plasmid  wras  confirmed  by  PCR  cycle  sequencing  as  outlined  in  the  manufacturer's 
instructions  (Applied  Biosystems:  Mississauga,  ON,  CA). 

Cloning  of  B.  anthracis  Protective  Antigen 

PA  from  B.  anthracis  Ames  was  amplified  by  PCR  using  the  conditions  described  above  and 
y-GGATCATGCGGCCGCGAATGAAAAAACGAAAAGTGTTAATA  as  the  forward 
primer  (with  the  Notl  site  underlined)  and  S'-ATCGATGGATCCTTATCCTATCTATA 
GCCTTTTn~A  as  the  reverse  primer  (with  the  BamHI  site  underlined).  The  2341  bp  product 
was  purified  from  a  1%  agarose  gel  and  digested  with  Notl  and  BamHI  (Promega).  The  insert 
was  ligated  into  Notl/BamHI  digested,  alkaline  phosphatase  treated  pWH1520b  and 
transformed  into  E.  coli  XL  10  cells.  The  plasmid  was  recovered  from  these  cells  using  the 
Qiaprep  SpinMim  kit  (Qiagen )  and  the  DNA  sequence  confirmed  by  PCR  cycle  sequencing. 

The  recombinant  plasmid  was  transformed  into  B.  megaterium  protoplasts  using  the  methods 
of  Puvet  et  al.  [25].  Briefly.  B  megaterium  WH320  was  grown  in  AB3  medium 
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Figure  f,  Vector  Diagram  of  pWH 1520b .  The  vector  was  derived  from  pWH1520  [22}  via  the  addition  of  a 
polyhistidine  tagr  enterokinase  cleavage  site .  and  additional  restnction  endonuclease  sites  from  pETIQm 
[ 24 !/,  The  5P  end  of  the  xylA '  gene t  which  contains  the  tag  and  multiple  cloning  site  is  shown  in  detail, 
Inactivation  of  the  XylR  repressor  protein  by  the  addition  of  xylose  leads  to  the  expression  of  the  XylA ' 

fusion  protein. 

(Becton  Dickinson:  Sparks,  MD.  USA)  at  37°C  and  250  rpm  until  Amhm  reached  1.0.  The 
cells  were  centrifuged  and  resuspended  in  5.0  ml  ofSMMP  (AB3  medium  containing  500 
mM  sucrose,  20  mM  sodium  maleic  acid,  5  mM  MgCT)  containing  2  mg/ml  lysozyme  {EM 
Science:  Gibbs  town,  NJ,  USA;.  This  suspension  was  incubated  for  90  min  at  37°C  and  100 
rpm  and  then  centrifuged  at  2000  x  g  for  10  min  at  20UC.  The  pelleted  protoplasts  were 
resuspended  in  5.0  ml  SMMP  and  stored  at  -70°C  in  0.5  ml  aliquots.  When  required,  an 
aliquot  of  protoplasts  was  thawed  on  ice  and  mixed  w  ith  5  pi  of  recombinant  plasmid  before 
the  addition  of  1.5  ml  of  40%  polyethylene  glycol  8000  in  SMM  (500  mM  sucrose.  20  mM 
sodium  maleic  acid.  5  mM  MgClj,  pH  6.5).  The  sample  was  then  incubated  for  2  mm  at  room 
temperature  before  the  addition  of  5.0  ml  SMMP  and  centrifugation  at  1550  x  g  for  10  min  at 
20°C  The  pellet  protoplasts  were  resuspended  in  0.5  ml  SMMP  and  incubated  at  37°C  and 
1 00  rpm  tor  90  mm  to  allow  expression  of  tetracycline  resistance,  200  |il  aliquots  were  then 
gently  spread  on  CR5  plates  (103  g/U  sucrose,  0.25  g/L  K2S04,  10  g/L  MgCh-bHjO,  10  g/L 
glucose,  6  5  g/L  4-morpholineprop  anesulfonic  acid,  0,66  g/L  NaOH,  6  g/L  praline,  0.2  g/L 
casamino  acids,  10  g/L  yeast  extract,  0.05  g/L  KHiPOj,  2.2  g/L  CaCL,  80  pg/ml  ZnCl2l  400 
pg/ml  FeCh-GHsO,  20  pg/ml  CuCL-2H20,  20  pg/ml  MnCl2-4H?0,  20  jig/ml  (NKi)f>Mo7G:4- 
4H20,  and  1.1%  w/v  agar)  containing  tetracycline  before  incubation  overnight  at  37°C.  The 
resulting  colonies  were  picked  into  Luria-Bertani  broth  containing  tetracycline  and  incubated 
at  37°C  and  250  rpm.  Recombinant  plasmids  were  isolated  and  confirmed  using  the  Qiaprep 
Spin  Mini  kit  with  the  addition  of  an  initial  1  hr  incubation  at  37°C  in  buffer  PI  containing  10 
mg/ml  lysozyme. 
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Experiments  were  also  performed  using  transformation  by  electroporation  as  outlined  in  Moro 
et  al.  [26].  B.  megaterium  WH320  cells  were  grown  in  100  mL  of  LB  broth  until  the  A*oonri, 
reached  1.0.  after  which  the  culture  was  centrifuged  at  2000  x  g  for  20  minutes.  The  pelleted 
cells  were  washed  once  in  electroporation  buffer  (EB),  consisting  of  25%  PEG  8000  and  100 
mM  sorbitol,  and  resuspended  in  the  same  EB.  For  electroporation,  a  0.1  cm  gapped  cuvette 
was  used  in  a  Bio-Rad  Micro-pulse  electroporation  apparatus  (Mississauga,  ON,  CA)  with  a 
constant  resistance  of  10  gF.  Different  samples  were  electroporated  at  0,75,  1.00.  1 .25  and 
1.50  kV  for  5.0  milliseconds.  1 .0  ml  of  LB  broth  was  added  to  the  electroporated  culture 
before  incubation  at  37°C  and  250  rpm.  1 00  pi  aliquots  were  plated  on  LB  agar  containing 
tetracycline  and  incubated  overnight  at  37°C.  Isolated  colonies  were  grown  out  overnight  at 
37°C  and  250  rpm  in  LB  broth  containing  tetracycline  and  the  plasmid  isolated  as  described 
above. 

Expression  and  Purification  of  Recombinant  Protective 
Antigen 

Transgenic  B.  megaterium  was  grown  in  LB  broth  containing  tetracycline  at  37°C  and  250 
rpm  unul  the  A*ounm  reached  0.3.  Xylose  was  then  added  to  a  final  concentration  of  0.5%  w/v 
and  the  incubation  continued  at  37°C  and  250  rpm  for  an  additional  3  hr.  The  samples  were 
then  centrifuged  at  3500  x  g  for  20  min  at  4°C  and  the  pelleted  cells  and  spent  medium 
separated.  The  cells  were  resuspended  in  a  minimal  amount  of  distilled  water,  frozen  at 
-20*C,  thawed,  and  sonicated  on  ice  with  a  Branson  450  probe  somcator{  Dander,  CA,  USA). 
The  homogenised  cells  were  then  centrifuged  at  3500  x  g  for  20  mm  at  4°C  to  separate  soluble 
and  insoluble  components.  Aliquots  of  the  ceil  fractions  and  spent  culture  medium  were  then 
analysed  by  SDS  polyacrylamide  gel  electrophoresis  as  described  below'. 

The  spent  medium  from  larger  (500  ml)  induced  cultures  was  concentrated  by  50  psi  argon 
pressure  and  an  Amicon  model  402  cell  (Lexington,  MA,  USA)  equipped  wuth  a  30  kDa 
molecular  weight  cut-off  polysulfone  filter  (Sartonus;  Gottingen,  Germany).  This  concentrate 
was  then  dialysed  against  20  mM  Tns-HCl  pH  7.S  at  4°C.  The  sample  was  loaded  onto  a  1 .6 
x  10  cm  Q-Sepharose  FF  column  (Amersham;  Baie  d'Urfe,  QB,  CA)  connected  to  a 
Pharmacia  FPLC  (Amersham)  and  equilibrated  with  20  mM  Tris-HCl  pH  7.8.  The  column 
was  eluted  using  a  step  gradient  of  20  mM  Tris-HCl  pH  7,8  containing  100,  200,  300,  400, 
500.  600.  or  1000  mM  ICCL  Column  effluent  was  monitored  at  A28onm  and  samples  of  each 
fraction  were  analysed  by  SDS  polyacrylamide  gel  electrophoresis  as  described  below. 
Fractions  containing  purified  rPA  were  pooled,  concentrated  using  a  50  kDa  molecular  weight 
cut-off  centripetal  filter  (Pall;  Ann  Arbor,  MI,  USA),  and  stored  at  -20QC  with  or  without  20% 
v/v  glycerol.  Protein  concentration  was  determined  using  the  Bio-Rad  dye. 

All  gel  electrophoresis  was  performed  using  a  Mini-Protean  II  cell  (Bio- Rad;  Mississauga, 
ON),  and  a  7.5%  acrylamide  resolving  gel  with  a  5%  stacking  gel  Samples  wrere  denatured 
and  reduced  using  SDS  and  dithiothreitol.  All  gels  were  stained  with  Coomassie  Brilliant 
Blue  R250.  Electroblottmg  of  purified  rPA  wras  performed  on  an  unstained  SDS 
polyacry  lamide  gel  with  Sequiblot  PVDF  (Bio-Rad)  membranes  and  a  transfer  buffer  of  10 
mM  Tris,  100  mM  glycine,  and  10%  methanol.  The  sample  was  transferred  at  100V  for  i  hr. 
the  PVDF  washed  10  times  in  distilled  water,  and  the  membrane  stained  with  Amido  Black. 
The  rPA  band  was  excised,  dried  under  vacuum,  and  stored  at  4°C. 
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N-terminal  amino  acid  sequencing  was  performed  by  the  puised-liquid  method  using  an  AB1 
model  470  sequencer  (Applied  Biosystems:  Foster  City,  CA,  USA)  according  to  the 
manufacturer's  instructions.  The  electroblotted  rPA  band  was  sequenced  directly,  while  an 
aliquot  of  the  concentrated  rPA  solution  was  transferred  to  PVDF  using  a  Pro-Sorb  cartridge 
{Applied  Biosystems)  as  per  the  manufacturer's  instructions.  N-terminal  deblocking  by 
pyroglutamate  aminopeptidase  was  also  performed  on  a  duplicate  electroblotted  rPA  band 
prior  to  N-tenrunal  sequencing.  The  band  was  incubated  with  200  pi  0,5%  w/v 
poiyvinylpyrrolidine-360,  0.1%  acetic  acid  for  20  mm  at  room  temperature,  washed  3  times 
with  distilled  water,  and  incubated  with  40  pi  50  mM  phosphate  buffer  pH  7,0,  10  mM  DTT, 
1  mM  EDTA,  1  U  Pyrococcus  furiosus  pyroglutamate  aminopeptidase  (TaKaRa:  Madison, 
WI,  USA)  at  90°C  for  1  hr.  The  band  was  then  washed  3  times  with  distilled  water,  dried 
under  vacuum,  and  stored  at  4*C. 
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Results  and  Discussion 


After  successful  cloning  of  the  complete  B.  anthracis  Ames  PA  gene  into  pWH  1520b,  the 
recombinant  plasmid  was  transformed  into  B,  megaterium  320,  Initial  attempts  at  introducing 
the  plasmid  via  electroporation,  as  outlined  in  More  et  at.  [26],  were  unsuccessful  regardless 
of  the  voltage  conditions  or  electroporation  medium.  With  the  exception  of  Moro  et  ah,  there 
have  been  no  literature  reports  of  successful  electroporation  of  B.  megaterium .  Until  the 
Moro  et  ah  procedure  has  been  reproduced  in  other  laboratories,  B  megaterium  should 
continue  to  be  considered  refractory  to  electroporation.  In  contrast,  all  chemical 
transformations  of  B.  megaterium  protoplasts,  as  per  the  method  of  Puyet  et  ah  [25],  were 
successful  with  a  high  efficiency. 

Small,  5.0  ml  pilot-scale  inductions  of  transgenic  B.  megaterium  were  performed  by  the 
addition  of  xylose  to  a  final  concentration  of  0.5%  w/v  after  the  bacteria  had  grown  to  a 
density  of  03  Examination  of  soluble  and  insoluble  cell  fractions  failed  to  show  any 

detectable  induction  of  rPA  within  the  bacterial  cells  (Figure  2 A).  However,  a  comparable 
examination  of  culture  medium  clearly  showed  the  presence  of  an  approximately  83  kDa  band 
in  the  induced  cultures  only  (Figure  2E).  This  extracellular  localisation  is  consistent  with  the 
expression  of  native  and  recombinant  PA  in  B .  anthracis  [27],  and  with  the  expression  of  rPA 
in  B  subtilis  [18].  Therefore,  B.  megaterium  recognizes  the  sec-dependent  signal  sequence 
found  on  full-length  rPA  [28] . 


Figure  2.  The  production  of  recombinant  protective  antigen  by  Bacillus  megaterium,  5.0  ml  cultures  of 
8.  megaterium  containing  pWH1520b-rPA  were  grown  in  the  presence  or  absence  of  0.5%  xyiose  as 
outlined  in  the  Material  and  Methods  section,  (A)  Polyacrylamide  gel  electrophoresis  of  the  cellular 
material  from  three  independent  clones r  and  (B)  electrophoresis  of  the  corresponding  culture 
supernatants.  (U)  Represents  uninduced  cell  material  or  culture  supernatant  (IS)  induced I,  soluble  celt 
material.  (IP)  induced ,  insoluble  cell  material.  (I)  induced  culture  supernatant  and  (M)  mass  standards. 
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The  induction  of  rPA  was  scaled  up  to  500  ml  with  all  other  conditions  kept  constant,  and  the 
resulting  spent  culture  medium  concentrated  down  to  approximately  3  ml  using  a  30  kDa  cut' 
off  filter  (Figure  3).  The  concentrated  medium  was  found  to  contain  three  lower  molecular 
weight  contaminants  of  approximately  50,  48,  and  38  kDa.  These  contaminating  bands  might 
represent  degradation  products  of  the  rPA,  or  might  be  other  proteins  excreted  during 
B  megaterium  growth.  The  contaminant  pattern  does  not,  however,  resemble  tbe  degradation 
pattern  seen  in  culture  supernatants  from  B  subtilis  expressing  rPA  [18],  In  order  to  remove 
the  contaminants,  the  concentrated  rPA  was  dialysed  against  20  mM  Tris-HCl  pH  7.8  and 
subjected  to  ion-exchange  chromatography  (Figure  3).  Electrophoretically  pure  rPA  was 
eluted  from  the  column  with  100  mM  NaCL  This  material  was  assayed  for  protein 
concentration,  and  480  pg  of  rPA  was  found  to  have  been  produced  in  the  500  ml  of  culture 
medium  after  only  2.5  hr  of  induction.  The  yield  of  rPA  should  be  easily  increased  by 
altering  several  induction  conditions. 
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Figure  3,  Purification  of  recombinant  protective  antigen-  A  500  ml  culture  ofB.  megaterium  carrying 
pWH1520b-rPA  was  grown  and  induced  with  0.5 %  xylose  a$  described  in  the  Materials  and  Methods 
section.  Polyacrylamide  gel  electrophoresis  was  performed  on  various  fractions  during  purification  of 
rPA.  (M)  Protein  mass  standards,  (1)  unconcentrated  culture  supernatant,  (2)  <30  kDa  fraction .  (3)  >30 
kDa  fraction,  (4)  >30  kDa  fraction  after  dialysis  against  20  mM  Ths-HCf  pH  7  8.  (5)  Q-Sepharose  eluate 
after  loading  the  dialysed  >30  kDa  fraction.  (6)  Q-Sepharose  eiuate  after  washing  with  20  mM  Tris - 
HCl/100  mM  NaCI,  and  (7)  Q-Sepharose  eluate  after  washing  with  20  mM  Tris-HCt/200  mM  Nad 
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The  purified  rPA  was  subjected  to  amino  acid  sequencing  and  yielded  the  following  as  an  N- 
termmal  sequence:  EVKQENRLLNESES.  This  sequence  is  identical  to  the  predicted  N- 
terminus  for  the  mature  PA  [18].  No  secondary  sequence  was  detected,  demonstrating  that 
the  purified  material  contained  only  rPA  and  that  the  protein  did  not  suffer  from  the  5  amino 
acid  truncation  seen  in  rPA  produced  by  B.  subtilis  WB6G0  in  the  absence  of  protease 
inhibitors  [18],  The  purified  rPA  was  found  to  be  equivalent  to  purified  native  PA  in  an 
ELISA  assay  system  (D.  Fomika  and  L.  Nagata,  personal  communication),  suggesting  that  the 
rPA  should  be  effective  as  a  vaccine  antigen. 

The  results  of  the  present  experiments  have  yielded  several  interesting  conclusions  and  point 
the  way  for  future  studies.  The  most  important  conclusion  from  the  standpoint  of  this 
laboratory  is  the  fact  that,  as  a  heterologous  expression  system,  B.  megaterium  can  produce 
soluble,  full-length  protein  which  is  known  to  be  insoluble  in  E,  coli  expression  systems  and 
proteolytically  degraded  in  B.  subtilis  systems.  This  feature  should  be  of  great  assistance  m 
our  on-going  studies  with  other  difficult  recombinant  proteins  from  a  variety  of  sources. 
Secondly,  it  is  clear  that  B ,  megaterium  recognizes  the  sec-dependent  signal  sequence  on  the 
B.  anthracis  full-length  PA  and  excretes  the  mature  protein  into  the  culture  medium.  It  is  not 
clear  whether  B.  megaterium  recognizes  all  Bacillus  sec-dependent  prosequences,  but  the 
heterogeneity  of  known  sec -dependent  signal  sequences  [28]  would  suggest  that  most,  if  not 
all,  should  function  in  B.  megaterium.  The  functionality  of  the  PA  prosequence  is  currently 
being  exploited  in  our  laboratory  to  construct  a  further  derivative  of  p  WH 1 520b  which 
contains  the  export  sequence  upstream  of  the  polyhistidine  tag.  This  vector  should  then 
function  as  a  general  purpose  B  megaterium  extracellular  expression  system  for  any 
recombinant  protein. 

In  the  specific  case  of  rPA  expression  by  B.  megaterium ,  several  future  experiments  are 
important.  The  length  of  time  of  induction  should  be  examined  from  2  hr  to  several  days  in 
order  to  determine  the  optimal  time  frame  for  maximal  yield  of  intact  rPA.  The  amount  of 
tetracycline,  xylose  and  media  used  for  induction  should  also  be  varied,  in  particular,  the  use 
of  a  fully  defined,  minimal,  animal  product-free  medium  should  be  tested,  as  successful 
induction  with  such  a  medium  would  be  highly  desirable  from  a  production  standpoint.  The 
stability  of  the  rPA  in  the  culture  supernatant  should  be  closely  examined,  and,  finally,  the 
purification  process  could  be  simplified.  These  important  experiments  would  be  an  ideal 
project  for  a  Defence  Research  Associate  or  co-op  student. 
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